Sarcolemma-associated neuronal NOS (nNOS) plays a critical role in normal muscle physiology. In Duchenne muscular dystrophy (DMD), the loss of sarcolemmal nNOS leads to functional ischemia and muscle damage; however, the mechanism of nNOS subcellular localization remains incompletely understood. According to the prevailing model, nNOS is recruited to the sarcolemma by syntrophin, and in DMD this localization is altered. Intriguingly, the presence of syntrophin on the membrane does not always restore sarcolemmal nNOS. Thus, we wished to determine whether dystrophin functions in subcellular localization of nNOS and which regions may be necessary. Using in vivo transfection of dystrophin deletion constructs, we show that sarcolemmal targeting of nNOS was dependent on the spectrin-like repeats 16 and 17 (R16/17) within the rod domain. Treatment of mdx mice (a DMD model) with R16/17-containing synthetic dystrophin genes effectively ameliorated histological muscle pathology and improved muscle strength as well as exercise performance. Furthermore, sarcolemma-targeted nNOS attenuated aadrenergic vasoconstriction in contracting muscle and improved muscle perfusion during exercise as measured by Doppler and microsphere circulation. In summary, we have identified the dystrophin spectrin-like repeats 16 and 17 as a novel scaffold for nNOS sarcolemmal targeting. These data suggest that muscular dystrophy gene therapies based on R16/17-containing dystrophins may yield better clinical outcomes than the current therapies.
Introduction
Neuronal NOS (nNOS) plays critical roles in a variety of muscle activities, including contraction, regeneration, atrophy, glucose uptake, and blood perfusion (1) . In normal skeletal muscle, nNOS is localized to the cytosolic surface of the sarcolemma. This position is critical for nNOS function. During muscle contraction, activated nNOS produces NO. The membrane location of nNOS allows ready diffusion of NO to the muscle vasculature. Consequently, vessels are dilated to meet the increased metabolic needs of contracting muscle (2, 3) .
Duchenne muscular dystrophy (DMD) is caused by dystrophin deficiency (4) . Despite the fact that dystrophin is missing in all myofibers, muscle disease does not occur simultaneously throughout the entire muscle. The characteristic early histopathology in DMD muscle closely resembles focal necrosis seen after functional ischemia (5, 6) . The identification of nNOS as a component of the dystrophin-associated glycoprotein complex (DGC) provides a molecular explanation for the unique muscle lesions in DMD (7, 8) . In the absence of dystrophin, the entire DGC (including nNOS) fails to assemble at the sarcolemma. Delocalization of nNOS impairs compensatory vasodilation during muscle contraction and subsequently leads to focal ischemia and necrosis (2, 3) . For similar reasons, Duchenne patients are more easily fatigued than normal people (9, 10) .
The mechanism(s) by which nNOS is recruited to the sarcolemma are not completely understood. According to the prevailing model, nNOS is brought to the sarcolemma by the scaffolding protein syntrophin. Several lines of evidence support this model. First, syntrophin itself is recruited to the sarcolemma by a syntrophin-binding motif in the dystrophin C-terminal domain (11) (12) (13) . In the absence of the dystrophin C-terminal domain, syntrophin can still be recruited to the sarcolemma by dystrobrevin, possibly through the sarcoglycan complex (14) (15) (16) . Second, syntrophin forms a complex with nNOS through a noncanonical interaction between PDZ (postsynaptic density 95, discs large, and zonula occludens-1) and PDZ domain (7, 8, 17, 18) . Finally, genetic ablation of the syntrophin gene or the PDZ domain of the syntrophin gene eliminates sarcolemmal nNOS (19, 20) .
Despite the compelling evidence, this model cannot explain all the existing data. Most intriguingly, the presence of syntrophin on the membrane does not always lead to sarcolemmal nNOS expression. This was first demonstrated in Becker muscular dystrophy (BMD), a milder allelic form of DMD (21) . Synthetic mini-/microdystrophin genes that have been developed for DMD gene therapy
Figure 1
Sarcolemmal nNOS localization depends on the rod, but not the C-terminal, domain of dystrophin. (A) Schematic outline of the full-length and synthetic dystrophin constructs. "Yes" indicates that nNOS is recruited to the sarcolemma by the construct; "No" indicates that the construct cannot restore nNOS to the sarcolemma. Dotted boxes denote deleted regions. (B) The DH2-R15 minidystrophin anchors nNOS to the sarcolemma. Representative photomicrographs of dystrophin immunostaining, nNOS activity staining, and nNOS immunostaining in the DH2-R15 minigene plasmid-transfected mdx muscle. Dystrophin was revealed by epitope-specific antibodies (H1, R11, R16, R17, R18, and H3). The H1 antibody only recognizes human dystrophin (Hum Dys). Other dystrophin antibodies recognize both human and mouse dystrophin. Asterisks indicate a minigene-transfected myofiber; arrows, revertant myofibers. Scale bar: 20 μm. (C) Sarcolemmal nNOS localization does not require the C-terminal domain, nor is it dependent on the repeats adjacent to R16/17. Representative photomicrographs of human dystrophin/nNOS double immunostaining and nNOS activity staining on serial sections from the DH2-R15/DR18-19, DH2-R15/DC, and DR3-15/DR18-23/DC plasmidtransfected mdx muscles. Asterisks indicate dystrophin plasmid-transfected fibers; crosses, revertant myofibers. Scale bar: 50 μm. also fail to anchor nNOS to the sarcolemma, although they are able to restore syntrophin (16, 22, 23) . In addition, the dissociation between syntrophin and nNOS expression was observed in α-dystrobrevin-knockout mice (24) . In these mice, the absence of α-dystrobrevin barely affects the syntrophin level, but nNOS is substantially reduced (24) . Collectively, these results suggest a ternary interaction model for nNOS localization. Here, we hypothesized that in addition to a direct interaction between syntrophin and nNOS, one and/or multiple regions of dystrophin might have also contributed to nNOS localization by either directly interacting or indirectly stabilizing the syntrophin-nNOS complex.
To test this hypothesis, we generated a series of synthetic dystrophin genes and evaluated nNOS restoration by in vivo plasmid transfection, AAV-mediated gene transfer, and generation of a transgenic mouse model. After confirming dystrophin expression with a panel of epitope-specific antibodies, we examined nNOS expression by single and double immunostaining, in situ nNOS activity assay, and Western blot analysis. More than half of the dystrophin gene (from exon 3 to exon 52) has been implicated in nNOS localization (21) . Surprisingly, we found that only a fairly small region in the middle of the dystrophin rod domain (R16 and R17, abbreviated as R16/17 herein) was required. Yeast two-hybrid assay results suggested that nNOS localization might be mediated by a coordinated effort of both R16/17 and the syntrophin PDZ domain, although the latter displayed a higher affinity for the nNOS PDZ domain. Based on these results, we developed several R16/17-containing mini-and microdystrophin genes as potential candidate genes for DMD/BMD gene therapy. In vivo studies in mouse models of DMD suggest that these newly developed candidate genes were as effective as the previously published mini-and microgenes in mitigating dystrophic histopathology and improving muscle force. In contrast to the previous candidate genes, the newly developed genes also restored sarcolemmal nNOS. In hemodynamic, tissue blood flow, and treadmill assays, R16/17-containing dystrophin significantly improved perfusion in contracting muscle and enhanced exercise performance.
Results

Dystrophin recruits nNOS to the sarcolemma through the rod, not the C-terminal, domain.
The full-length dystrophin gene can recruit nNOS to the sarcolemma, but the DH2-R19 minigene cannot ( Figure 1 and Table 1 ) (23, 25) . The DH2-R19 minigene has the same structure as the full-length gene, except for a large deletion in the rod domain. The deletion represents approximately 48% of the dystrophin coding sequence and includes 1 hinge (H2) and 16 spectrin-like repeats (from R4 to R19). To localize the nNOS recruiting domain, we gradually added back the deleted region to the human DH2-R19 minigene and evaluated the nNOS recruiting capacity ( Figure 1 , Table 1 , and Supplemental Figures 1-3 ; supplemental material available online with this article; doi:10.1172/JCI36612DS1).
Transfected myofibers were identified with a human dystrophin H1-specific antibody. nNOS expression was confirmed on serial sections by immunostaining and in situ nNOS activity assay. Sarcolemmal nNOS expression was not restored when R18/19 or R17/18/19 were inserted back into the DH2-R19 minigene (Table 1 and Supplemental Figures 2 and 3) . However, restoring 4 repeats (R16/17/18/19) recovered sarcolemmal nNOS expression ( Figure  1B , Table 1 , and Supplemental Figure 2) .
To determine whether all 4 added repeats contributed to nNOS restoration, we deleted R18/19 or R17/18/19 from the DH2-R15 minigene ( Figure 1A ). Removing R18/19 did not affect sarcolemmal nNOS expression ( Figure 1C and Table 1 ). For unknown reasons, we were unable to detect DH2-R15/DR17-19 minigene expression in transfected mdx muscle ( Figure 1A and Table 1) .
Next, we evaluated the contribution of the dystrophin C-terminal domain. This domain has been suggested to indirectly facilitate nNOS recruitment by bringing syntrophin to the sarcolemma (11) (12) (13) . However, when the C-terminal domain was deleted from the full-length gene, there was minimal impact on sarcolemmal nNOS expression (15) . Consistent with this previous report, when the C-terminal domain was deleted from the DH2-R15 minigene, we did not detect any change in nNOS localization either ( Figure  1C and Table 1 ). Together, these results suggest that the C-terminal domain is not required for nNOS recruitment in either the full-length gene or the abbreviated minigenes.
All 3 nNOS-recruiting minigenes (DH2-R15, DH2-R15/DR18-19, and DH2-R15/DC) shared 2 common features. They all contained a rod domain longer than that of the DH2-R19 minigene, and they all carried R16/17 with R16 flanked by R3. To determine whether the length of the rod domain and the configuration of the flanking repeats are important for nNOS recruitment, we generated the Figure 1C and Table 1 ). In summary, our results suggest that R16/17 is crucial for dystrophin-mediated nNOS recruitment. Furthermore, the nNOS recruiting activity is independent of the C-terminal domain and independent of the neighboring repeats adjacent to R16/17. nNOS localization requires both R16 and R17. The findings from the DH2-R16 construct suggest that the presence of R17 alone is not sufficient to recruit nNOS ( Figure 1A , Table 1 , Supplemental Figure 2 , and Supplemental Figure 3D ). Since we did not observe expression from the DH2-R15/DR17-19 minigene, it was not clear whether R16 by itself was sufficient for nNOS recruitment.
To address this issue, we generated 2 microdystrophin constructs. Both have 4 repeats in the rod domain. However, one contained only R16 (DR3-15/DR17-23/DC) and the other contained both R16 and R17 (DR2-15/DR18-23/DC) ( Figure 2A ). After packaging these constructs into adeno-associated virus 6 (AAV-6) vectors, we delivered them to the tibialis anterior (TA) muscles of 50-day-old mdx mice. At 30 days after AAV infection, we examined microgene and nNOS expression (Figure 2 , A-C, and Supplemental Figure 4 ). We observed efficient transduction from both vectors (≥90%) (Figure 2 , B and C). However, only the construct containing R16/17 (DR2-15/DR18-23/ DC) restored sarcolemmal nNOS ( Figure 2C and Supplemental Figure 4) . These data strongly suggest that nNOS recruitment requires both R16 and R17 and that either one alone is not sufficient.
R16/17 interacts with the nNOS PDZ domain. To further understand the contribution of R16/17 to nNOS recruiting, we per- formed a yeast two-hybrid assay (Figure 2, D and E). We cloned the nNOS PDZ domain into a binding construct. We also generated a series of the activation constructs carrying R16, R17, or R16/17. As a positive control, we also made an activation construct containing the syntrophin PDZ domain. Interaction with the nNOS PDZ domain was observed with R16/17 and the syntrophin PDZ domain, but not with R16 or R17 alone ( Figure 2D ). Similar results were obtained when the nNOS PDZ domain was cloned into the activation constructs, and other components (R16, R17, R16/17, or the syntrophin PDZ domain) were cloned into the binding constructs (data not shown). To compare the relative binding affinity for the nNOS PDZ domain, we performed a quantitative yeast two-hybrid assay ( Figure 2E ). Despite an absolute requirement of R16/17 for nNOS localization (Figures 1 and 2 ), the binding affinity between R16/17 and the nNOS PDZ domain was 5-fold lower than that between the syntrophin PDZ domain and the nNOS PDZ domain. Taken together, these results suggest that dystrophin R16/17 may assist sarcolemmal nNOS localization by interacting with the nNOS PDZ domain.
The R16/17-containing microgene ameliorates dystrophic pathology and improves muscle strength in mouse models for DMD. An important goal of this study is to improve current AAV-mediated DMD gene therapy. We have already demonstrated that an R16/17-containing microgene, DR2-15/DR18-23/DC, can restore sarcolemma nNOS ( Figure 2 and Supplemental Figure 4 ). However, it is not clear whether this microgene can ameliorate dystrophic pathology. It is known that some microgenes cannot mitigate muscle disease (26) .
To address this issue, we delivered AAV-6 AV.CMV.DR2-15/ DR18-23/DC to the gastrocnemius muscle of 2-month-old mdx mice. The sarcolemmal integrity and central nucleation were examined at 40 and 60 days after gene transfer, respectively (transduction efficiency was ~80%). Expressing the DR2-15/ DR18-23/DC microgene efficiently prevented sarcolemmal leakage, as evidenced by the lack of Evans blue dye accumulation in transduced myofibers ( Figure 3A ). The percentage of central nucleation reflects pathogenic muscle degeneration/regeneration. We observed a significant reduction in central nucleation in the DR2-15/DR18-23/DC microgene-positive myofibers ( Figure  3A and Supplemental Figure 5 ).
Next, we examined muscle strength. We have previously established the DR4-23/DC microgene as the best candidate microgene (16, 26, 27 ). Here we compared muscle force in DR4-23/DC and DR2-15/DR18-23/DC microgene-treated mdx mice. We delivered AAV-9 AV.CMV.DR4-23/DC or AV.CMV.DR2-15/DR18-23/DC to newborn mdx mice through facial vein injection. At 3 months after systemic gene transfer, we examined microgene expression and muscle force in the extensor digitorum longus (EDL) muscle (Figure 3B) . Consistent with our previous reports (28), we observed highly efficient gene transfer with both AAV vectors (~80%, data not shown). Muscle force was also significantly enhanced by both microgenes ( Figure 3B) . Importantly, the extent of force improvement was identical.
To further evaluate the therapeutic effect of the DR2-15/DR18-23/ DC microgene, we performed systemic AAV delivery in mdx4cv mice. This model carries a different mutation in the dystrophin gene, and it is on a different genetic background (C57BL/6 rather than C57BL/10 [BL10]). Consistent with our findings in mdx mice, AV.CMV.DR2-15/DR18-23/DC significantly increased limb muscle strength and reduced serum creatine kinase (CK) levels in mdx4cv mice (Supplemental Figure 6) .
In contrast to those in human patients, the clinical manifestations are quite mild in both mdx and mdx4cv mice. This is partially due to robust muscle regeneration. MyoD is a master transcription regulator for skeletal muscle differentiation. Eliminating MyoD abolishes muscle regeneration in mdx mice. As a result, MyoD-null mdx mice develop a more severe skeletal muscle disease that better models the human condition (29) . To validate the therapeutic efficacy of the DR2-15/DR18-23/DC microgene in a symptomatic model, we delivered AAV-9 AV.CMV.DR2-15/DR18-23/DC to 2-month-old MyoD-null mdx mice through tail vein injection. Three months after systemic gene transfer, the EDL muscle specific force was significantly enhanced in AAV-treated mice ( Figure 3C ). Furthermore, eccentric contraction-induced muscle injury was mitigated, and serum CK levels were significantly reduced ( Figure 3C ). Taken together, the results indicate that the R16/17-containing microgene AAV vector recovered sarcolemmal nNOS and ameliorated muscle pathology.
The R16/17-containing minigene improves vascular perfusion in contracting muscle and enhances exercise performance. The minigenes are 60%-80% larger than the microgenes, and they yield better functional recovery in mdx mice (25, 26) . However, none of the current minigenes contain R16/17, nor can they restore nNOS. Here, we tested whether adding R16/17 could further improve the therapeutic efficacy of the minigene. We generated DH2-R15 and DH2-R19 minigene transgenic mdx and mdx4cv mice (Figures 4-7 and Supplemental Figures 7, 8, and 10) . The DH2-R15 minigene carries R16/17, but the DH2-R19 minigene does not ( Figure 1 and Table 1) .
On Western blot analysis, we observed minidystrophin bands of the expected size ( Figure 4A ). nNOS was detected in whole muscle lysate from both DH2-R19 and DH2-R15 transgenic mice ( Figure  4A ). However, in membrane-enriched microsomal preparation, it was detected only in DH2-R15 transgenic mice ( Figure 4B ). Immunofluorescence staining and in situ nNOS activity staining further confirmed Western blot results ( Figure 4C ). These studies revealed human minigene expression in both transgenic strains. The DH2-R15 transgenic mice also expressed R16, -17, -18, and -19, four repeats that were missing in DH2-R19 transgenic mice (Figure 4C ; data not shown for R17 and R18 immunostaining). Importantly, nNOS expression and nNOS activity were only detected in
Figure 4
The R16/17-containing minigene (DH2-R15) restores sarcolemmal nNOS, normalizes muscle force to wildtype levels, and reduces eccentric contraction-associated muscle injury. (A) Representative Western blots of whole muscle lysates from the TA muscles of BL10, mdx, DH2-R15 transgenic mdx, DH2-R19 transgenic mdx, and nNOS-knockout mice. GAPDH was used as the loading control. (B) Representative Western blots of microsomal preparations from the quadriceps femoris muscles. (C) Representative photomicrographs of dystrophin immunostaining (H1, R16, R19) and nNOS activity staining from DH2-R15 and DH2-R19 transgenic mdx mice. Scale bar: 100 μm. (D) The DH2-R15 minigene normalizes muscle-specific force and prevents eccentric contraction-induced injury. *P ≤ 0.021 compared with transgenic mdx mice.
muscle sections from DH2-R15 transgenic mice ( Figure 4C ; data not shown for nNOS immunostaining).
Muscle-specific force was completely restored to wild-type levels in both DH2-R19 and DH2-R15 minigene transgenic mice ( Figure  4D ) (26) . When challenged with eccentric contraction, the 2 types of transgenic mice showed identical responses ( Figure 4D ). In the first 4 cycles, the force preservation was slightly lower than that in BL10 mice. From the fifth to the tenth cycle, there were no significant differences among the 3 groups ( Figure 4D) .
A critical function of membrane-associated nNOS is to generate NO to counteract α-adrenergic vasoconstriction during muscle contraction. The loss of this protective mechanism leads to functional ischemia and thus aggravates contraction-induced injury in dystrophin-deficient muscles (2, 3, 30) . To determine whether the restoration of sarcolemmal nNOS by the R16/17-containing minigene could improve blood perfusion during muscle contraction, we compared femoral vascular conductance in DH2-R15 and DH2-R19 transgenic mdx and mdx4cv mice ( Figure 5 and Supplemental Figures 7 and 8) (2) . In resting muscle, the 2 strains displayed similar femoral vascular conductance (data not shown). When resting muscles were challenged with norepinephrine, the strains also showed similar reductions in femoral artery conductance ( Figure 5 and Supplemental Figure 8 ). However, we observed a striking difference in contracting muscle. In DH2-R19 transgenic mice and transgene-negative littermates from DH2-R15 breeding, norepinephrine-induced vasoconstriction was not attenuated in the contracting muscles ( Figure 5 and Supplemental Figure 7 ). In contrast, in DH2-R15 transgenic mice, the constrictor response provoked by norepinephrine administration was significantly reduced in the contracting muscles ( Figure 5 and Supplemental Figure 8 ).
To further explore muscle perfusion in the intact animal, we directly measured blood flow using radiolabeled microspheres. We observed similar levels of kidney perfusion in DH2-R15 and DH2-R19 transgenic mice, irrespective of the activity status (resting or exercising) ( Figure 6 ). The two strains also showed similar muscle perfusion at rest ( Figure 6A ). However, DH2-R15 transgenic mice demonstrated significantly greater muscle perfusion during the treadmill exercise ( Figure 6B ).
To measure the physiological benefit of nNOS restoration, we developed a treadmill protocol. Since muscle perfusion in sarcolemmal nNOS-deficient mice was compromised ( Figure 5 , Figure 6 , and Supplemental Figures 7 and 8) , we hypothesized that intensive daily exercise would lead to muscle ischemia in these mice. We further hypothesized that the accumulation of ischemic damage would reduce running performance at later time points. As expected, BL10 mice showed a gradual increase in running distance up to 10 days with daily exercise (the duration of the study), while the running distance of mdx mice leveled off after day 4 (Supplemental Figure 9 ). Although this finding supports our hypothesis, we cannot rule out the possibility that the inherent muscle pathology might have limited treadmill performance in mdx mice.
To exclude the potential influence of muscle disease, we next compared running performance in DH2-R15 and DH2-R19 transgenic mdx mice under a similar treadmill exercise regimen. We have shown that both DH2-R15 and DH2-R19 minigenes can efficiently ameliorate muscle pathology and improve muscle contraction ( Figure 3A and Figure 4D) (25, 26) . In this case, should we observe distinctive performance profiles, it would be more likely
Figure 5
The DH2-R15 minigene attenuates norepinephrine-mediated vasoconstriction in contracting muscle. Decreases in femoral vascular conductance were recorded following intraarterial injection of 2 doses of norepinephrine (NE) into the resting and contracting hind limbs of male HSA(human skeletal α-actin promoter).DH2-R15 and HSA.DH2-R19 transgenic mdx mice. (A) Results from DH2-R15 transgenic mdx mice. (B) Results from DH2-R19 transgenic mdx mice. AUC is presented in arbitrary units. Asterisks indicate significant differences.
Figure 6
The DH2-R15 minigene transgenic mdx mice show better muscle perfusion during exercise. Muscle and internal organ perfusion at rest and during exercise was quantified using radiolabeled microspheres in male HSA.DH2-R15 and HSA.DH2-R19 transgenic mdx mice. due to the difference in sarcolemmal nNOS localization between the 2 strains. Consistent with our hypothesis, treadmill performance was gradually improved in DH2-R15, but not in DH2-R19, transgenic mdx mice ( Figure 7A ). Starting from day 6, DH2-R19 transgenic mdx mice showed significantly shorter running distances than DH2-R15 transgenic mdx mice ( Figure 7A ). Our observation in DH2-R19 transgenic mdx mice was further confirmed in DR4-23 transgenic mdx mice (Supplemental Figure 9) . Similar to the DH2-R19 minigene, the DR4-23 microgene cannot restore sarcolemmal nNOS. These mice showed a running profile similar to that of mdx mice (Supplemental Figure 9) . Additional studies revealed less than 1% human dystrophin expression in the heart of all transgenic mdx mice (data not shown). Hence, the difference in exercise performance is unlikely due to accidental cardiac rescue.
To determine whether intensive daily exercise had indeed resulted in ischemic damage in DH2-R19 transgenic mouse muscle, we analyzed muscle histology at the end of the eighth day of exercise (Figure 7 , B and C, and Supplemental Figure 10 ). Muscles from DH2-R15 transgenic mice appeared healthy, with occasionally centrally nucleated myofiber (<1%) ( Figure 7B and Supplemental Figure 10 ). In contrast, we observed frequent focal myofiber degeneration and regeneration in muscles obtained from DH2-R19 transgenic mice ( Figure 7C and Supplemental Figure 10 ). Importantly, we also detected prominent macrophage infiltration in these loci ( Figure 7C ). Taken together, our data strongly suggest that restoring sarcolemmal nNOS can improve muscle perfusion, prevent ischemic damage in contracting muscle, and enhance exercise performance. Discussion nNOS plays a pivotal regulatory role in skeletal muscle physiology and disease (1) . Interestingly, nNOS function depends on its location at the sarcolemma. Loss of sarcolemmal nNOS has been shown to induce functional ischemia and exaggerate exercise-associated fatigue (2, 3, 9, 10). For these reasons, there has been a great interest in understanding the mechanisms involved in anchoring nNOS to the sarcolemma.
Studies in the mid-1990s suggested that the correct positioning of nNOS requires the DGC, a multimeric protein complex consisting of dystrophin, dystroglycans, sarcoglycans, sarcospan, syntrophin, and dystrobrevin. Subsequent biochemical, structural, and genetic analyses demonstrated an essential role for syntrophin (7, (17) (18) (19) (20) . In particular, the PDZ domain of syntrophin forms a complex with the PDZ domain of nNOS (17, 18) . At the same time, it was suggested that nNOS recruitment might require dystrophin. Since the dystrophin C-terminal domain contains a syntrophin binding site, the involvement of dystrophin seems quite logical. Surprisingly, sarcolemmal nNOS expression is not altered in mdx mice that express C-terminal domain-truncated dystrophins (15, 16) . Furthermore, even in the presence of an intact C-terminal domain, nNOS is not detected at the sarcolemma (21, 25, 31) . Taken together, these findings indicate that the dystrophin C-terminal domain may, at most, play a nominal role in nNOS recruitment.
A more puzzling issue is that nNOS is not always present on the sarcolemma even when syntrophin is there (16, 21, 23, 25) . Apparently, additional help is needed to anchor nNOS to the sarcolemma. Several candidates have been proposed. These include other proteins in the DGC or other proteins that interact with the DGC, such as aquaporin-4, sodium channel, calcium pump, and caveolin-3 (32) (33) (34) . Unfortunately, none of these have been confirmed. Different regions in the dystrophin N-terminal and rod domains (such as exons 3-7 or 8, 10-42, 45, 45-47, and 51-52) have also been suggested to help recruit nNOS to the sarcolemma (21, 22, 35) . Nevertheless, defining the nNOS recruiting domain in dystrophin has proven to be a quite challenging task. Several lines of evidence suggest that dystrophin may not bind to nNOS directly. First, it has been shown that nNOS interacts with other proteins mainly through the PDZ-PDZ domain interaction (36, 37) . However, dystrophin does not contain a classic PDZ domain. Second, 2 independent studies have failed to detect a direct interaction between full-length dystrophin and nNOS (8, 21) . Proving an indirect interaction is technically much more difficult. Third, it is not clear whether the dystrophin-nNOS interaction (assuming there is one) depends on a single defined region or several discontinuous regions in dystrophin.
In this study, we took a systemic approach to map the nNOS localization domain in dystrophin. We started with the DH2-R19 minigene (26) . We have previously confirmed that this minigene cannot restore sarcolemmal nNOS (23, 25) . Based on this information, we hypothesized that the H2-to-R19 region should contain the domain(s) required for nNOS recruiting. By in vivo plasmid transfection and AAV-mediated gene transfer, we narrowed down the nNOS recruiting domain to R16/17 ( Figures 1 and 2, Supplemental  Figures 2-4 , and Table 1 ). We found that these 2 repeats were necessary to anchor nNOS to the sarcolemma. Furthermore, R16/17-mediated nNOS recruitment was not dependent on the flanking repeats or the dystrophin C-terminal domain. Interestingly, we also observed an interaction between the nNOS PDZ domain and R16/17, although its strength was lower than that of the interaction between the nNOS PDZ domain and the syntrophin PDZ domain (Figure 2, D and E) . Based on these results, we here propose a novel nNOS recruitment model (Figure 8 ). According to this model, nNOS localization requires 2 independent interactions, one between R16/17 and the nNOS PDZ domain and the other between the syntrophin PDZ domain and the nNOS PDZ domain.
This model raises several interesting questions. First, how can a single nNOS PDZ domain interact with 2 partners at the same time? A ternary complex involving the nNOS PDZ domain has been demonstrated before (34) . However, in this type of the complex, the nNOS PDZ domain only interacts with one partner (such as CAPON and postsynaptic density proteins). This intermediate partner then recruits the third partner to the complex (such as small G protein Dexras 1, synapsins, and NMDA receptor) (34) . The classical PDZ domain consists of 2 α helices (αA and αB) and 6 β-sheets (from βA to βF). αB and βB form a groove for ligand binding (37) . The nNOS PDZ domain includes the first 150 N-terminal residues of nNOS. Amino acids 1-100 express the classic groove structure for ligand binding. The next 30 residues form a unique β-finger (17, 18) . Interestingly, the syntrophin PDZ domain only binds to the β-finger. This leaves the nNOS PDZ groove unoccupied (17, 18, 38) . Thus, there is a structural basis for the nNOS PDZ domain to bind to both syntrophin and R16/17 simultaneously (38) .
Second, R16/17 does not seem to be a good ligand for the nNOS PDZ groove. The short C-terminal peptide motif and the internal peptide motif are the classical ligands for the PDZ groove (37). Dystrophin does not carry these motifs. It is currently unclear how spectrin-like repeats may interact with the PDZ domain. Interestingly, such interaction has also been observed in another PDZ domain-containing protein. Xia et al. have demonstrated that the PDZ domain of the actinin-associated LIM protein binds to spectrin-like repeats in α-actinin-2 (39). Interestingly, this interaction also requires 2 complete repeats (39) . Taking together, these findings reveal a new recognition mode for the PDZ domain. The PDZ domain is one of the most frequently used scaffolding modules. Approximately 400 PDZ domains have been identified in the human genome. The identification/confirmation of spectrin-like repeats as a PDZ domain ligand sheds new light on our understanding of protein-protein interaction and oligomerization. R16/17 is encoded by exons 41-46 (40) . This explains the findings seen in the majority of the clinical cases. In these patients, the loss of sarcolemmal nNOS correlates with mutations between exons 41 and 46 (21, 22, 35) . However, sarcolemmal nNOS is also missing in some patients who were reported to carry mutations in other regions of the dystrophin gene, such as exons 3-8 and 48-52 (21, 22, 35) . There are at least 2 possibilities. Spectrin-like repeats are modular repeating elements. Each repeat is composed of 3 α-helices linked by turns (41) . However, the structural unit of the dystrophin rod domain is not based on individual repeats. Instead, it is believed that the biophysical unit is formed by adjacent repeats in a nested manner ( Figure 8B ) (42) . Disruption of one repeat may alter structural conformation of the nearby units and influence the correct phasing of the entire rod domain (43) . Hence, mutations in other exons may alter the noncanonical PDZ groove binding motif formed by R16/17. Alternatively, it is also possible that these patients carry additional small mutations (such as single nucleotide change) between exons 41 and 46.
The ultimate goal of our study is to develop an effective gene therapy to treat all affected muscles in DMD/BMD. AAV is the only viral vector proven to be capable of body-wide gene delivery (27, 44) . However, AAV cannot carry the full-length dystrophin coding sequence. Minimizing the dystrophin gene offers a valid avenue to circumvent this problem (26) . A variety of different minigenes and microgenes have been developed. Unfortunately, none of the abbreviated genes have been conclusively shown to recruit nNOS to the sarcolemma.
Based on the finding that R16/17 is sufficient to restore sarcolemmal nNOS, we generated a new microdystrophin gene, DR2-15/DR18-23/DC. This microgene is similar to our previously reported DR4-23/DC microgene, except that R2-H2 is replaced by R16/17 ( Figure 2A ) (16, 26) . Local and systemic gene transfer studies were performed in newborn and adult mouse DMD models. In mdx, mdx4cv, and MyoD/dystrophin double-knockout mice, the R16/17-containing microgene not only restored sarcolemmal nNOS, but also effectively reduced muscle histopathology and enhanced sarcolemma integrity (Figure 2, Figure 3 , and Supplemental Figures 4 and 5) . Furthermore, muscle strength and resistance to contraction-induced injury were improved to levels comparable to those resulting from DR4-23/DC microgene treatment ( Figure 3B and Supplemental Figure 6 ).
One caveat with the microgenes is the uncertainty of their function in the canine animal model and human patients (45) . On the other hand, the minigenes are derived from a remarkably functional template isolated from a patient with very mild BMD (46) . They also restore muscle-specific forces to normal levels ( Figure 4D ) (26) . Importantly, the minigenes can be delivered by trans-splicing AAV vectors to all muscles in the body (25, 28) . From this standpoint, minigene therapy could be more effective than microgene therapy. To determine the therapeutic advantage of the R16/17-containing minigene, we next compared muscle force, femoral artery hemodynamics, muscle perfusion, and treadmill running in DH2-R15 and DH2-R19 transgenic mice (Figures 4-7 and Supplemental Figures 7, 8, and 10 ). Both transgenic strains were able to recover wild-type-level muscle force ( Figure 4D ). However, only the R16/17-containing minigene transgenic mice (DH2-R15) showed significantly improved perfusion in contracting muscle ( Figure 5 , Figure 6 , and Supplemental Figure 8 ). Furthermore, restoring sarcolemmal nNOS by transfection of the DH2-R15 minigene significantly enhanced exercise performance and prevented ischemic damage ( Figure 7 and Supplemental Figure 10 ).
Taken together, our studies provide evidence that R16/17 is essential for anchoring nNOS to the sarcolemma. The R16/17-containing mini-/microgenes may be more effective for DMD gene therapy than all previously described mini-/microgenes. Our findings also shed new light on the molecular mechanisms of nNOS PDZ domainmediated scaffolding. Future studies on how R16/17 coordinates with syntrophin to bring nNOS to the sarcolemma may unravel yetunrecognized aspects of this fascinating biological process.
Methods
Mini-and microdystrophin gene construction. All the minigenes and microgenes were derived from the human dystrophin gene. Standard molecular cloning techniques were used to generate synthetic dystrophin genes (47) . Final products were confirmed by sequencing the junction sites and by restriction analysis. Transcriptional regulation was under the control of the CMV promoter and the SV40 polyA signal.
Immunofluorescence and immunohistochemistry staining. Dystrophin was detected with a series of epitope-specific antibodies (Supplemental Table 1 ). Dys-1, -2, and -3 (Novocastra) recognize R6-8, the C-terminal domain, and human dystrophin H1, respectively. Mandys 8 (Sigma-Aldrich) recognizes R11. Mandys 102 (a gift from Glenn Morris and Lam Le, The Robert Jones and Agnes Hunt Orthopaedic Hospital, Oswestry, United Kingdom) recognizes R16. Manex 44A, 46B, and 50 recognize R17, R18, and H3, respectively (from Glenn Morris and Lam Le) (48) . nNOS was detected with a polyclonal antibody (1:2,000; Santa Cruz Biotechnology Inc.). Immunofluorescence staining was performed by using a previously published protocol (25) . Immunohistochemistry staining was performed by using the VECTASTAIN ABC kit (Vector Laboratories). Macrophages were detected with the rat anti-mouse monoclonal antibody F4/80 (1:200; Caltag Laboratories, Invitrogen).
In situ nNOS activity staining. Histochemical evaluation of nNOS activity was performed according to a published protocol (49) . nNOS appears as blue staining under the bright field.
Yeast two-hybrid assay. Yeast two-hybrid assay was performed with the Matchmaker GAL4 Two-Hybrid System 3 (Clontech). The syntrophin plasmid was a gift from Stanley C. Froehner and Marvin Adams (University of Washington, Seattle, Washington, USA) (20) . The nNOS plasmid was a gift from David Bredt (UCSF, San Francisco, California, USA) and Samie R. Jaffrey (Cornell University Weill Medical College, New York, New York, USA) (7). All constructs were sequenced prior to use. The dot assay ( Figure 2D ) was performed on leucine/tryptophan/histidine triple-deficient medium. For quantitative interaction assay ( Figure 2E ), β-galactosidase activity was measured using the Galacto-Light system (Applied Biosystems).
Mouse models for DMD. All animal experiments were approved by the Animal Care and Use Committee of the University of Missouri or the UT Southwestern Medical Center and were in accordance with NIH guidelines. All experimental mice were housed in a specific pathogen-free facility. Three dystrophin-deficient mouse models were used, including the naturally occurring mdx mice, chemically induced mdx4cv mice, and MyoD/dystrophin double-knockout mice. mdx and mdx4cv mice are on the BL10 and C57BL/6 backgrounds, respectively (50, 51) . These mice were purchased from The Jackson Laboratory. The breeding pair of MyoD/dystrophin double-knockout mice was a gift from Michael Rudnicki (Ottawa Health Research Institute, Ottawa, Ontario, Canada) (29) . These mice were maintained on the 129/BL10 background. Male mice were used in all studies.
Transgenic mice. The skeletal-specific transgenic mice were generated at the University of Missouri Transgenic Animal Core. Synthetic human dystrophin genes were expressed under the transcriptional regulation of the human skeletal α-actin promoter and bovine growth hormone (26) . The founder mice were backcrossed with mdx4cv and mdx mice for 3 and 5 generations, respectively, before being used in the study.
AAV infection. Recombinant AAV-6 and AAV-9 vectors were generated according to previously published protocols (25, 28) . Local injection was performed with AAV-6 on the TA muscle (6 × 10 10 viral genome [vg] particles, 50-day-old mdx mice) and the gastrocnemius muscle (1 × 10 11 vg particles, 2-month-old mdx mice). Systemic injection was performed with AAV-9 in neonatal mdx and mdx4cv mice (facial vein injection, 1 × 10 12 vg particles/mouse) and in 2-month-old MyoD/dystrophin double-knockout mice (tail vein injection, 5.5 × 10 12 vg particles/mouse).
Western blot analysis. Whole muscle lysate was extracted from the TA muscle, and Western blot analysis was performed according to a previously published protocol (52) . Membrane-enriched microsomal preparations were produced using the quadriceps femoris muscle according to a previously described protocol (53) . Dystrophin was detected with an antibody against the C-terminal domain of dystrophin (Dys-2, 1:100; Novocastra). nNOS was detected with a rabbit anti-nNOS polyclonal antibody (1:4,000; Upstate, Millipore). Utrophin was detected with a mouse monoclonal antibody (1:250; BD). GAPDH (1:3,000; Upstate) was used as a loading control in whole muscle lysate Western blot analysis. α-Sarcoglycan was detected with a mouse monoclonal antibody (1:1,000; Vector Laboratories). Dystrobrevin was revealed with a mouse monoclonal antibody (1:1,000; BD).
Hemodynamic measurements. Femoral vascular conductance in anesthetized male transgenic mdx (6-to 20-month-old) and mdx4cv (6-to 11-month-old) mice was measured using a VF-1 pulsed Doppler velocimeter (model HVPD-20; Crystal Biotech) according to our previous publication (2) . Conductance responses to intraarterial hind limb injection of the α-adrenergic vasoconstrictor norepinephrine were measured in resting and contracting muscles (by stimulating sciatic nerve using trains of pulses at 100 Hz; model S88, Grass Technologies) in intact animals as previously described (2) . In transgenic mdx mice, 2 doses of norepinephrine were applied (in a total volume of 2-10 μl; first dose, 4.2 ± 0.4 ng; second dose, 7.6 ± 0.8 ng). In transgenic mdx4cv mice, 1 dose of norepinephrine was used (4-10 ng in 2-5 μl). Femoral vascular conductance responses to norepinephrine were calculated by integrating the area under the response curve (AUC).
Microsphere blood flow measurement. Tissue blood flow in resting and exercising mice was measured in 13-to 15-month-old male transgenic mdx mice (n = 12 for DH2-R15, n = 8 for DH2-R19) according to our previously published protocol (54) . The investigator was blinded to the mouse genotype. Prior to the study, experimental mice were acclimated to a 15° uphill treadmill for at least 4 days. Mice were anesthetized with 1.5% isoflurane inhalation. Under the anesthesia, a 0.5-cm skin incision was made, and the left carotid artery was dissected free of connective tissue. A PE50 catheter with tapered tip was inserted into the artery under a ×20 dissecting microscope. Through a subcutaneous tunnel, the catheter was exteriorized at the back of the neck. After the skin incision was closed, 85 Sr-labeled microspheres (about 1,500,000 cpm; PerkinElmer) were infused into the anesthetized mouse in 0.2-ml volume (0.1 ml microsphere plus 0.1 ml animal blood). At least 3 hours after mice recovered from anesthesia, mice were allowed to run on the 15° uphill treadmill for 1 minute at a speed of 15 m/min. 141 Ce-labeled microspheres (about 1,500,000 cpm; PerkinElmer) were infused into the mice over 20 seconds while they were running on the treadmill. After 141 Ce-labeled microsphere infusion, mice were sacrificed. All tissues from each mouse were dissected, and radioactivity in each tissue was counted in a Wallac Wizard 1480 Autogamma Counter. The reading was corrected for spillover of the isotopes between counting windows as we described previously (54) . Proper microsphere distribution was verified by detection of similar levels of radioactivity in the left and right kidneys. Final tissue blood flow in each muscle (or organ) was calculated using the following formula: tissue blood flow (ml/min/100 g) = (cardiac output, ml/min) × (fraction of total radioactivity in the tissue)/(tissue weight, g) × 100. The cardiac output at resting and during exercise is 20 ml/min and 30 ml/min, respectively (55, 56) . The fraction of total radioactivity in the tissue was calculated using the following formula: (measured radioactivity in the tissue, cpm)/(total radioactivity injected into the animal, cpm). Five mice died during surgery (n = 4 for DH2-R15, n = 1 for DH2-R19), and 2 mice with poor microsphere distribution (based on left and right kidney blood flow; n = 1 for each mouse strain) were excluded from the analysis.
Treadmill. Uphill (7°) treadmill experiments were performed using an Exer-3/6 open treadmill (Columbus Instruments). Six-month-old male mice were acclimated to treadmill during a 5-day training session. After training, mice were subjected to treadmill exercise for 8 continuous days, and running distance was recorded every day for each mouse. The exact same protocol was used for every mouse, irrespective of the strain. After the last treadmill running, mice were euthanized, and limb muscles were collected for morphology studies.
Statistics. Data are presented as mean ± SEM. Statistical analysis was performed with SPSS software. Statistical significance for multiple group comparison was determined by 1-way ANOVA followed by Tukey's post hoc analysis. Two-tailed (or paired, when appropriate) t test was used for 2-group comparison. Difference was considered significant when P was less than 0.05.
